The hydrological description of the Simple Biosphere Model 2 (SiB2) is improved in three respects. First, the SiB2 three-layer soil model is replaced with a multi-layer soil column coupled to a lumped unconfined aquifer model. Next, lateral water flows are described in the updated soil model. Finally, the soil hydraulic function in SiB2 is replaced with van Genuchten parameterization, and exponential vertical soil heterogeneity is described. In using observed streamflow to evaluate the hydrologically improved SiB2 (HydroSiB2), a new hydrological model (HydroSiB2-DHM) was developed by embedding HydroSiB2 into the spatial framework of a distributed hydrological model. Three-year fine temporal scale meteorological data from a small river basin were used to drive both HydroSiB2-DHM and SiB2-DHM (the same as HydroSiB2-DHM but with the original SiB2). Sub-grid topography was considered in both model runs, and analyses were based on basin-averaged values to maintain consistency with the regional evaluation using streamflow. The results show that HydroSiB2-DHM performs well in both fine and coarse time-scale runoff simulations; while SiB2-DHM captures inter-annual and seasonal runoff changes, but gives poor results in simulations at finer temporal-scales (daily and hourly). Owing to the treatment of lateral flows and using a multi-layer soil model coupled with a lumped unconfined aquifer in HydroSiB2, the soil moisture budget is qualitatively improved. In recession periods, the basin-averaged bare soil evaporation reduced by about 0.1 mm/d, resulting in a decrease in the latent heat flux and an increase in sensible heat flux of about 3.9 and 3.2 W/m 2 , respectively.
INTRODUCTION
Over the last several decades, land surface models (LSMs) have evolved from simple bucket models without vegetation consideration (e.g. Manabe, 1969) into credible representations of the exchanges of energy, water and carbon dioxide in soil-vegetation-atmosphere transfer (SVAT) systems (e.g. Sellers et al., 1996a; Dickinson et al., 1998) . Despite the increasing complexity of LSMs, the hydrology in most of them needs to be further improved.
The Project for the Intercomparison of Land-surface Parameterization Schemes (PILPS) aims at improving the understanding of LSMs in climate and weather forecast modelling (Henderson-Sellers et al., 1993) . Runoff parameterizations were compared among all the LSMs participating in PILPS. It was found that most LSMs tend to treat runoff as the excess of water in the soil reservoir, without considering the sub-grid-scale distribution of topography and lateral water flow processes. Some earlier SVAT systems only include overland flow (e.g. Manabe, 1969) , while more advanced ones also incorporate gravitational drainage (e.g. Sellers et al., 1986) . However, owing to the omission of modelling topographically driven lateral flows from vertical soil columns in LSMs, the surface soil layer likely remains wet too long after a rainfall event (Soulis et al., 2000) . Consequently, latent heat flux (evapotranspiration) will be overestimated between rainfall events, corrupting the calculation of atmospheric fluxes.
Recently, the importance of modelling groundwater dynamics in LSMs has been recognized (e.g. Yeh & Eltahir, 2005; Gulden et al., 2007; Maxwell et al., 2007; Niu et al., 2007) ; groundwater interacts with soil moisture through the exchange of water between the groundwater aquifer and its overlying unsaturated soil driven by gravity and capillary forces. However, most LSMs lack representations of the groundwater-surface water interactions, which could result in large errors in the simulation of water and energy fluxes of the land surface, especially for the shallow water table areas in humid regions (Yeh & Eltahir, 2005) . Gulden et al. (2007) used Monte Carlo analysis to show that explicit representation of a groundwater aquifer within a LSM decreases the dependence of the model performance on accurate selection of subsurface hydrological parameters. Therefore, groundwater table dynamics should be represented in LSMs because the groundwater-atmosphere interaction has a potentially significant influence on spatial and temporal climate variability.
On the other hand, soil can store and transport water, and thus affect the behaviour of the vegetation cover and the turbulent fluxes determining the development of the atmosphere. Soil hydraulic conductivity determines the amount of water transporting in soils, which directly changes the soil moisture distribution in both vertical and lateral directions. Many studies showed that accurately estimating soil moisture and its spatial distribution is critical for atmospheric model forecasts (e.g. Pielke, 2001; Findell & Eltahir, 2003) . Braun & Schadler (2005) compared seven soil hydraulic parameterizations used in mesoscale meteorological models, including the Campbell/Clapp-Hornberger parameterization (Campbell, 1974; Clapp & Hornberger, 1978) that is often used by meteorologists, and the van Genuchten/ Rawls-Brakensiek parameterization (van Genuchten, 1980; Rawls & Brakensiek, 1982) that is used widely among hydrologists. In their numerical experiments, the performance achieved using the van Genuchten/Rawls-Brakensiek model was better than that achieved using the Campbell/Clapp-Hornberger model in simulating soil water contents. Therefore, it is also critical to deal with soil hydraulic functions in LSMs for better estimation of the soil moisture distribution.
The improvements in LSM hydrology have drawn much attention among the atmospheric scientific community (e.g. Lohmann et al., 1998; Boone et al., 2004; Yeh & Eltahir, 2005; Gulden et al., 2007; Niu et al., 2007) . However, up to now, little attention has been paid to improving the hydrology of the biosphere scheme SiB2, except for the work by Tang et al. (2006 Tang et al. ( , 2008 , even though SiB2 has been used extensively for surface flux estimations in numerical models (e.g. Randall et al., 1996; Entin et al., 1999; Gao et al., 2004; Bounoua et al., 2006) . The simple biosphere model (SiB) (Sellers et al., 1986 ) is a simple, but realistic, biosphere model developed for calculating the transfer of energy, mass and momentum between the atmosphere, land surface and soil. Its revised version (SiB2) has incorporated several improvements, including a canopy photosynthesis-conductance sub-model, as well as the use of satellite data to describe the vegetation state and phenology (Sellers et al., 1996a) . Compared to its first version (SiB), SiB2 can give a better description of baseflow and a more reliable calculation of interlayer exchanges within the soil profile, with basic treatment of the reduction of conductivity and baseflow when the temperature drops below freezing. However, like many LSMs, SiB2 only includes elementary runoff components of infiltration excess (Horton runoff; Freeze, 1974) and gravitational outflow, without a treatment of lateral water redistributions due to uneven sub-grid topography, a representation of groundwater table dynamics, or a description of vertical soil heterogeneity.
The approach of this paper is to improve the hydrology of SiB2 by benefiting from a previous distributed hydrological model-the geomorphology-based hydrological model (GBHM) (Yang et al., 2000 (Yang et al., , 2002 Wang et al., 2006) . In this study, several significant improvements have been made to enhance the hydrology in SiB2. Firstly, the SiB2 three-layer soil model is replaced by a multi-layer soil column coupled to a lumped unconfined aquifer model, which simultaneously receives the recharge from the upper soils and discharges runoff into rivers. The total thickness of the unsaturated soil changes with the fluctuations of the water table. Secondly, lateral water flows are described in the updated soil model. Overland flow is described by Manning's equation, while lateral subsurface flow and groundwater discharge are simulated using Darcy's law. Thirdly, the soil hydraulic function in SiB2 (the Campbell/Clapp-Hornberger parameterization) is updated with the van Genuchten function, and soil vertical heterogeneity is described. The hydrologically improved SiB2 (hereafter referred to as HydroSiB2) is then embedded into the distributed framework of the GBHM to develop a new model (hereafter referred to as HydroSiB2-DHM), by which the improved SiB2 hydrology can be evaluated by comparing simulated and observed discharges at stream gauges in a watershed.
IMPROVEMENTS OVER SIB2 HYDROLOGY

Soil model
As shown in Fig. 1(a) , SiB2 uses a three-layer soil model comprising a surface layer (D 1 ), root zone (D 2 ) and deep soil zone (D 3 ). The uppermost thin soil layer acts as a significant source of direct evaporation when moist. The roots are assumed to access the soil moisture from the second layer (root zone), while the third layer (deep soil zone) acts as a source for hydrological baseflow and upward recharge of the root zone. Water table dynamics are not described in SiB2.
In HydroSiB2, the old soil model in SiB2 is replaced by a multi-layer soil column coupled to a lumped unconfined aquifer model with an impermeable lower boundary (see Fig. 1(b) ). The groundwater aquifer simultaneously receives the recharge from the upper soils and discharges runoff into rivers. The total thickness of the unsaturated soil changes with fluctuations of the water table. For more accurate estimation of soil moisture, the root zone and deep soil zone are subdivided into several sub-layers. The vertical inter-layer flows in the unsaturated zone are described using a one-dimensional Richards equation. The continuity equation of vertical moisture movement in the unsaturated zone can be written as:
where t is time, z is the distance from the surface measured vertically downward (m), θ(z, t) is the volumetric water content, s(z, t) is the source or sink of evaporation and transpiration. q v represents the soil moisture flux in the vertical direction and is given as:
where K(θ, z) is hydraulic conductivity and ψ(θ) is capillary suction (m).
Lateral water flows
The lateral flows are described in the updated soil model. Overland flow is described by Manning's equation, while lateral subsurface flow and groundwater discharge are simulated using Darcy's law.
Lateral subsurface flow After the calculation of water moisture exchanges between sublayers of the unsaturated zone in the vertical direction, the lateral subsurface flow is simulated. For all unsaturated sub-layers above the water table, when soil moisture content (θ) is greater than the field capacity (θ f ), the soil water of the sub-layer moves due to gravity towards the stream. The lateral subsurface flow of each sub-layer (q sub ) is described by:
where K(θ) is the hydraulic conductivity in a sub-layer and X is the grid slope. The continuity equation of lateral moisture movement in the unsaturated zone can be written as:
where Δz i is the thickness of the ith sub-layer.
Groundwater flow In HydroSiB2, the water table dynamics of the lumped aquifer model are described as in the work by Yang et al. (2000) . The basic equations used for the saturated zone (unconfined aquifer) are mass balance and Darcy's law. The mass balance is described by:
where S G is the groundwater storage (S G = GWcs(D s + D g -WDT); GWcs is the groundwater storage coefficient; D s and D g are the initial thickness for the unsaturated zone and saturated zone, respectively (shown in Fig. 1(b) ); WTD is the water table depth taken downward in a direction normal to the soil surface; rech is the recharge rate from the upper unsaturated zone; and A h is the plane area of the hillslope element. The exchange (q g ) between the groundwater and the river is considered as steady flow and is calculated using Darcy's law:
where K g is the hydraulic conductivity of the unconfined aquifer; l is the length of the hillslope; and H 1 , H 2 , h 1 and h 2 are illustrated in Fig. 2 . When the water table depth (WTD) of a grid is higher than the river water level, groundwater flows into the river and the WTD increases; otherwise, river water recharges the groundwater. After the calculation of this water exchange, the new WTD of the grid is determined.
Overland flow In SiB2, overland flow is defined as precipitation excess, which is equal to the effective precipitation on the soil surface minus the infiltration into the surface soil. In HydroSiB2, after the calculation of the vertical moisture exchanges, the overland flow is described by steady constant sheet flow using Manning's equation:
where q sfc is the overland flow for one hillslope unit, n is Manning's roughness parameter, X is the grid slope, and h is water depth. The entire continuity equation including surface flow, lateral subsurface flow, groundwater flow and evapotranspiration can be described as:
where ∑q sub is the total lateral subsurface flows for one hillslope unit; P is precipitation; I is interception by canopy and ground; ET is evapotranspiration; S is the total water storage in the unsaturated and saturated zones. Table 1 shows the soil hydraulic functions used in SiB2 and HydroSiB2. In SiB2, the Campbell/Clapp-Hornberger parameterization (Clapp & Hornberger, 1978 ) is adopted. However, comparisons among seven soil hydraulic parameterizations used in mesoscale meteorological 
Soil hydraulic function and vertical soil heterogeneity
where θ s is saturation water content and θ r is residual water content; ψ s is soil moisture potential at saturation; K s is the hydraulic conductivity at saturation; b is the empirical parameter used in Campbell function, while α, n are empirical parameters in van Genuchten's equation with m = 1 -1/n. models show that the van Genuchten/Rawls-Brakensiek model performs better than the Campbell/ Clapp-Hornberger model in simulating soil water contents for the cases and soil types considered by Braun & Schadler (2005) . For more accurate simulation of soil water contents, HydroSiB2 takes the van Genuchten function (van Genuchten, 1980) as its soil hydraulic function, which can easily use soil parameters defined by Rawls & Brakensiek (1982) together with soil texture information.
In HydroSiB2, the non-uniform vertical distribution is represented using the assumption of an exponential decrease in hydraulic conductivity with increasing soil depth (Cabral et al., 1992; Robinson & Sivapalan, 1996) 
where K s (z) is the saturated hydraulic conductivity at depth z , which is measured downward in a direction normal to the soil surface (m), K 0 is the saturated conductivity at the surface (mm/h), and f is the hydraulic conductivity decay parameter.
EVALUATION METHODOLOGY AND DATA SETS
Evaluation methodology
The hydrologically improved SiB2 (HydroSiB2) is embedded into the distributed framework of the grid-based version of the GBHM to develop a new hydrological model (HydroSiB2-DHM), replacing the original vertical scheme in the GBHM to describe the soilvegetation-atmosphere transfer (SVAT) system. Through this methodology, HydroSiB2 can be evaluated by comparing simulated and observed streamflow at the measuring points in a watershed. The overall model structure of HydroSiB2-DHM can be described as follows: (a) A digital elevation model (DEM) is used to define the target area and then the target basin is divided into sub-basins. Sub-grid topography is considered if a finer DEM is available. (b) Within a given sub-basin, a number of flow intervals are specified to represent time lag and accumulating processes in the river network according to the distance to the outlet for the subbasin. Each flow interval includes several model grids. (c) Each model grid is subdivided into a number of geometrically symmetrical hillslopes. For each hillslope, HydroSiB2 simulates turbulent fluxes (water, energy and CO 2 ) and lateral runoff comprised of overland, lateral subsurface and groundwater flows. Runoff for a model grid is the total lateral runoff from all hillslopes in it.
To simulate flow routing in a river network, the Pfafstetter scheme (Pfafstetter, 1989; Verdin & Verdin, 1999) is applied for subdividing the basin and for numbering the flow sequence among the sub-basins. A virtual channel is allocated for each flow interval. Therefore, the river network of a sub-basin is simplified such that only the main river is considered. The lateral inflow (q lateral ) into the main river from each flow interval is the total runoff generated from all of the model grids in the same flow interval. The flow sequences among these simplified main rivers are defined by the codes of the divided sub-basins. The flow routing of the entire river network in the basin is modelled using the kinematic wave approach. The continuity equation is:
and the momentum equation is given by Manning's equation as:
where Q is the discharge at a the distance x along the longitudinal axis of the river, A is the crosssectional area, t is time, S r is the river bed slope, n is Manning's roughness parameter, and p is the wetted perimeter.
To demonstrate the improvements in SiB2 hydrology, the original SiB2 was also coupled with the spatial framework of the grid-based GBHM ) to obtain another model (hereafter SiB2-DHM). Using available data of observed streamflow, the hydrological improvements of HydroSiB2 over SiB2 can be illustrated by comparing the results simulated by SiB2-DHM and HydroSiB2-DHM.
Data sets
Validation requires highly accurate data. Therefore, a small basin (Agatsuma, in Japan; see Fig. 3(a) ) for which fine observations have been conducted was selected to compare the performances of HydroSiB2 and SiB2 by routing their runoff responses to stream gauges through a distributed hydrological framework.
The Agatsuma River basin, a sub-basin of the upper Tone River basin, is located northwest of Tokyo ( Fig. 3(a) ). The elevation of this basin varies from about 200 to 2500 m ( Fig. 3(b) ). The catchment area lying upstream of the Murakami gauge is about 1300 km 2 . Only a very small reservoir was completed in the upper stream of the Agatsuma River basin and it was not considered in this study. Heavy rainfall events commonly occur from June to October (flood season) and are associated with typhoons and Mei-yu front activity.
The DEM and land-use data were obtained from the Japan Geographical Survey Institute. Sub-grid topography was described by a 50-m resolution DEM. Land-use data were reclassified into three SiB2 categories, with broadleaf-deciduous trees being the dominant land use type (more than 85%; Fig. 3(b) ). The static vegetation parameters comprising morphological properties, optical properties and physiological properties were defined following Sellers et al. (1996b) . The dynamic vegetation parameters were leaf area index (LAI) and the fraction of photosynthetically active radiation absorbed by the green vegetation canopy (FPAR), which can be obtained from satellite data. Global LAI and FPAR MOD15_BU 1-km data sets (Myneni et al., 1997) were used in this study, which are 8-daily composites of MOD15A2 products and were provided by the Earth Observing System Data Gateway of the National Aeronautics and Space Administration.
Soil type was determined from a 1:200 000 scale Gunma Prefecture geological map ( Fig. 3(b) ). In this paper, we set related soil static parameters (see Table 2 ) following a previous study in the upper Tone River basin by Yang et al. (2004) . According to the empirical parameters (α and n) defined in the van Genuchten equation, the parameter b used in the Campbell function was calibrated to minimize the difference in the relative hydraulic conductivities used in SiB2-DHM and HydroSiB2-DHM (see Fig. 4 ). Owing to lack of geological data, the initial thickness of the unsaturated zone (D s ) was defined as 4 m following the Food and Agriculture Organization global soil type map (FAO, 2003) .
Hourly precipitation data were obtained from the radar-Automated Meteorological Data Acquisition System (AMeDAS) rainfall analysis data, which are a combination of both radar and ground observations, provided by the Japanese Meteorological Agency (JMA). The data are available at 5-km spatial resolution for before March of 2001 and at 2.5-km spatial resolution for later times. The surface meteorological parameters other than precipitation are air temperature, relative humidity, air pressure, wind speed, and downward solar and long-wave radiation. Air temperature, wind speed, and sunshine duration were taken from the AMeDAS annual report of the JMA. In our study basin, the observed air temperature, wind speed, and sunshine duration data were available from three meteorological sites with hourly resolution. The downward solar Fig. 4 Relative hydraulic conductivity (K/K s ) for SiB2 and HydroSiB2 (derived using n and b, the soil parameters used in the van Genuchten function and the Campbell function, respectively; see Table 1 ). The soil wetness is the ratio of the soil volumetric water content by the saturated soil volumetric water content.
radiation was estimated from sunshine duration, temperature, and humidity, using a hybrid model developed by Yang et al. (2001 Yang et al. ( , 2006 . The long-wave radiation was then estimated from temperature, relative humidity, pressure, and solar radiation using the relationship between solar radiation and long-wave radiation (Crawford & Duchon, 1999) . All the inputs were interpolated to a 500-m grid for model simulations.
RESULTS AND DISCUSSION
In this study, three-year (2001-2003) meteorological data were used, and the results from the last loop of a multi-loop equilibrium simulation were analysed. Both SiB2-DHM and HydroSiB2-DHM were run with the initial soil wetness (the ratio of soil moisture to saturation soil moisture) being set at 75%. To obtain a better hydrograph, one additional equilibrium run was also performed for SiB2-DHM with a thinner D s equal to 2 m. The results of the three equilibrium runs were analysed. It should be mentioned that, in the study, sub-grid topography was considered in both SiB2-DHM and HydroSiB2-DHM runs. All analyses were based on basin-averaged values at the upper area of Murakami gauge to maintain consistency with the regional evaluation using observed streamflow.
Evaluation criteria
Both the Nash & Sutcliffe (1970) model efficiency coefficient (denoted as Nash) and bias error (BIAS) were used to evaluate the model performance. Nash is defined as:
where Q oi is the observed discharge, Q si is the simulated discharge, n is the total number of time series for comparison, and o Q is the mean value of the observed discharge over the simulation period. A perfect fit should have a Nash value equal to one. BIAS is defined as:
Analysis of results
The streamflow values for different temporal frequencies were included in analyses. Table 3 shows the annual water budgets from 2001 to 2003 simulated by SiB2-DHM and HydroSiB2-DHM. HydroSiB2-DHM represented the inter-annual variation much better than SiB2-DHM did with smaller BIAS in simulated runoff for each year, although the three-year total runoff was well estimated by both models. Figure 5 presents the mean monthly streamflow values at Murakami gauge from 2001 to 2003. The HydroSiB2-DHM performed better in reproducing the seasonal change in runoff, with Nash equal to 0.895, than SiB2-DHM did (Nash = 0.814). Both models predicted largest runoffs in August, which was a month earlier than what was observed, but the predicted runoffs were consistent with precipitation amounts. The monthly discharge from March to June simulated by HydroSiB2-DHM is smaller than the results from SiB2-DHM; while the monthly discharge from July to September simulated by HydroSiB2-DHM is larger than SiB2-DHM. This is because, from March to June, with relatively low rainfall, SiB2-DHM simulated more baseflow (q drain = K deep (θ)sinX; K deep (θ) is the hydraulic conductivity in D 3 ) than HydroSiB2-DHM, and thus saved less soil moisture in the deep soil zone. From July to September, which has a lot of rainfall, HydroSiB2-DHM generated a lot of lateral subsurface runoff due to the accumulated high soil moisture in the unsaturated zone; however, SiB2-DHM did not include the lateral subsurface runoff component. According to these reasons, HydroSiB2-DHM also showed better performances than SiB2-DHM in the daily and hourly results. Figure 6 compares the three-year (2001-2003) daily hydrographs at Murakami gauge simulated by SiB2-DHM and HydroSiB2-DHM. HydroSiB2-DHM had a reasonable response to heavy rainfall events due to the description of lateral subsurface runoff, while SiB2-DHM did not. SiB2-DHM underestimated the streamflow from July to September, but overestimated the streamflow from March to June. As a result, Nash for HydroSiB2-DHM was much higher (0.814) than that for SiB2-DHM (0.338). Figure 7 compares the performances of the two models in simulating hourly streamflow. The hourly hydrographs show that HydroSiB2-DHM represented the fine temporal-scale hydrological processes well (Nash = 0.737), while SiB2-DHM performed even worse than it did for coarser time scales, with significant underestimation of flood peaks. The scatterplots confirm the better performance of HydroSiB2-DHM because it only slightly underestimated the hourly discharge values, while SiB2-DHM produced much lower hourly discharge than that observed, especially when the observed discharge values were greater than 100 m 3 /s. Figure 8 plots the soil wetness in the surface layer (W sfc ), root zone (W rt ), and deep soil (W dp ) simulated by SiB2-DHM and HydroSiB2-DHM. Without descriptions of lateral flows in SiB2, the SiB2-DHM generally gave higher surface wetness (W sfc ), especially in recession periods. This resulted in SiB2-DHM simulating greater bare-soil evaporation, which corrupts the calculation of latent and sensible heat fluxes. The greater deep soil wetness obtained by HydroSiB2-DHM is attributed to the incorporation of the groundwater aquifer with an impermeable lower boundary into HydroSiB2, which results in the overlying soil being wetter than that for a model without coupling to such a groundwater reservoir. The root zone wetness simulated by HydroSiB2-DHM was determined considering both the vertical flow from the surface soil and the inverse recharges from the groundwater aquifer. It will also be affected by lateral losses in sub-layers in the root zone when their wetness is greater than the field capacity. Figure 9 shows the difference in the simulated daily bare soil evaporation from 2001 to 2003 between the two models. SiB2-DHM generally gave higher bare soil evaporation owing to higher surface wetness. In recession periods, the increase in bare soil evaporation was near 0.1 mm/d. The difference was not negligible because the mean daily evapotranspiration for the study basin from 2001 to 2003 is less than 1.6 mm/d. Figure 10 presents the differences in simulated daily-mean latent and sensible heat fluxes from 2001 to 2003 between the two models. Higher surface wetness simulated by the SiB2-DHM model caused an increase in latent heat flux up to 3.9 W/m 2 and a decrease in sensible heat flux up to 3.2 W/m 2 , equivalent to 8.7% and 14.0% of their mean values (44.7 and 22.9 W/m 2 ), respectively. It is possible for SiB2-DHM to obtain a better hydrograph by tuning soil parameters, such as using lower-conductivity soils to increase surface runoff. However, this will have a questionable impact on the model feedback. The use of lower conductivity soils in model simulation will result in a wetter surface. The simulation will then produce not only higher surface runoff, but also increased evaporation, which will make the simulation of atmospheric fluxes even worse. Another way to improve the hydrographs of SiB2-DHM is to use a smaller value for D s . Figure 12 shows the daily hydrograph, the changes in the simulated surface soil wetness and root zone wetness, and the increase in latent heat flux simulated by SiB2-DHM with a decrease in D s from 4 m to 2 m. However, the results show that the improvement in the daily hydrograph is at the expense of increased surface soil wetness and also an increase in latent heat flux, which will aggravate flux calculation.
CONCLUDING REMARKS
In this paper, several significant improvements of the hydrology of SiB2 have been achieved using a previous distributed hydrological model (the GBHM): (1) The SiB2 three-layer soil model is replaced by a multi-layer soil column coupled to a lumped unconfined aquifer model, which simultaneously receives the recharge from the upper soils and discharges runoff into rivers. The total thickness of the unsaturated soil changes with fluctuations of the water table.
(2) Lateral flows are described in the new scheme (HydroSiB2). Overland flow is described by Manning's equation, while lateral subsurface flow and groundwater discharge are simulated using Darcy's law.
(3) The soil hydraulic function in SiB2 (the Campbell/Clapp-Hornberger parameterization) is updated with the van Genuchten function, and soil vertical heterogeneity is described.
Evaluations of HydroSiB2 were performed under the spatial framework of a distributed hydrological model using available streamflow observations at different temporal frequencies. Both SiB2 and HydroSiB2 were embedded into the distributed framework of the grid-based GBHM, and SiB2-DHM and HydroSiB2-DHM were obtained. Through equilibrium simulations for a small humid river basin and using soil parameters following Yang et al. (2004) and vegetation parameters following Sellers et al. (1996b) , HydroSiB2-DHM is found to perform well not only in representing the inter-annual and seasonal variations in streamflow, but also in producing reasonable daily and hourly hydrographs; while SiB2-DHM captures the characteristics of inter-annual and seasonal runoff changes but performs poorly in finer temporal-scale (daily and hourly) simulations.
Owing to the treatment of lateral flows and using a multi-layer soil model coupled with a lumped unconfined aquifer, the soil moisture budget was qualitatively improved in HydroSiB2. Compared to SiB2-DHM, HydroSiB2-DHM generally simulates a lower latent heat flux and a higher sensible heat flux in recession periods, which can be ascribed to the drier surface introduced by topographically driven lateral moisture redistributions.
As a hydrologically improved version of SiB2, HydroSiB2 can be coupled with mesoscale atmospheric models or general circulation models for improved water and energy flux predictions from regional to global scales.
